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Infectious virions of the insect RNA virus Helicoverpa armigera stunt virus (HaSV; Omegatetravirus, Tetraviridae) were
assembled in cultured plant protoplasts of Nicotiana plumbaginifolia in the absence of detectable replication. Assembly of
the virus, which has not been grown in cell culture, required cotransfection of a DNA plasmid expressing the HaSV capsid
gene in combination with either genomic RNA or with DNA plasmids carrying the complete cDNAs to the two HaSV genomic
RNAs. Each cDNA was placed under the control of the cauliflower mosaic virus 35S promoter and followed by a cis-acting
ribozyme so that the resultant transcripts corresponded precisely to the two genomic RNAs. Protoplast assembly of
infectious particles was confirmed by EM and bioassay of host insect larvae, which became diseased and produced virus
particles confirmed as HaSV. Variant transcripts carrying nonviral sequences at either or both termini of the RNAs showed
no infectivity, except for RNA2 carrying only a 39 terminal extension. No replication of HaSV in protoplasts was detected in
pulse-labeling and blotting experiments. Insects showed less severe disease symptoms when fed protoplasts transfected
with only the RNA1 and coat protein plasmids. The symptomatic larvae contained only RNA1 and failed to yield infectious
progeny virus, suggesting that RNA1 is capable of self-replication. This novel plasmid-based system confirms that the
reported sequence of HaSV represents an infective genome and establishes a procedure for the reverse genetics of a
tetravirus. © 2001 Academic PressKey Words: tetravirus; Helicoverpa armigera; HaSV; protoplasts; infectivity; genomic RNA; virions; biopesticide; nonhost
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INTRODUCTION
The Tetraviridae are a family of icosahedral viruses
that have plus-stranded RNA genomes and have been
detected only in a single tissue of a single order of
insects, the Lepidoptera (butterflies and moths) (Gordon
and Hanzlik, 1998; Hanzlik and Gordon, 1997; Moore,
1991; Reinganum, 1991). They are horizontally transmit-
ted via oral ingestion and are found to infect only cells
lining the midgut of their caterpillar hosts, even after
injection into the hemocoel (Bawden et al., 1999). De-
spite repeated attempts, none have been found to grow
in cultured cells or organ explants of their hosts, even
when the barrier of receptor-mediated entry is removed
by transfection of their genomic RNA into the cells (Baw-
den et al., 1999). The lack of cell culture for tetraviruses
recludes their more detailed study, such as comparing
efined mutants with wild-type virus. Our understanding
f the molecular biology of tetraviruses has therefore
een limited to analyses of genomic sequences and in
itro translation experiments. This situation led us to
stablish new techniques for the study of these viruses,
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36hich are of intrinsic interest not only to virology, but also
o agriculture (Hanzlik et al., 1999) and structural biology
Canady et al., 2000; Munshi et al., 1996).
Genomic sequences have been reported for represen-
tatives of both genera of the Tetraviridae (Gordon et al.,
1995, 1999; Hanzlik et al., 1995; Pringle et al., 1999),
which are distinguished on the basis of having a mono
(Betatetravirus)- or bipartite (Omegatetravirus) RNA ge-
nome (Murphy et al., 1995). Helicoverpa armigera stunt
virus (HaSV) (Hanzlik et al., 1993), in the genus Omega-
tetravirus, is the only tetravirus whose caterpillar hosts,
important pests worldwide, are readily available from a
laboratory-reared colony and is therefore the only tetra-
virus upon which biological experiments can readily be
conducted. However, extensive structural studies have
been conducted on the virions of the closely related
Nudaurelia v virus (NvV) (Hanzlik et al., 1995), including
X-ray crystallography (Munshi et al., 1996) and cryo-EM
(Canady et al., 2000). The Omegatetravirus virions are 41
nm in diameter and composed of 240 copies of a 64-kDa
major coat protein and a 7-kDa minor coat protein ar-
ranged in T 5 4 icosahedral symmetry that is character-
stic of tetraviruses. The two coat proteins are derived
rom a 70- to 71-kDa precursor that is cleaved only upon
rovirion assembly to form the mature virion (Agrawal
nd Johnson, 1995; Canady et al., 2000). HaSV genomic
RNAs (Fig. 1) have 59 caps and carry 39 terminal tRNAVal-
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MBLYlike structures (Gordon et al., 1995; Hanzlik et al., 1995).
FIG. 1. Genome organization of HaSV and constructs for transient
expression of HaSV RNAs and capsid gene. Schematic diagrams
showing HaSV genomic RNAs and the transcripts from plasmids con-
structed for expression of these RNAs are shown for RNA1 (A) and
RNA2, including the capsid protein expression construct (B). The sche-
matics indicate any sequences additional to those of viral origin, with
letters in bold denoting the ultimate viral bases on the transcripts;
boxes represent open reading frames for gene products as noted
within them (the dotted line within the coat protein open reading frame
denotes the site of the assembly-dependent cleavage). The plasmids
generating each transcript are listed on the right. For the gene sche-
matic, open polygons containing letters represent the CaMV 35S pro-
moter (p), a cis-acting ribozyme (rz), and the CaMV 35S polyadenylation
sequence (pA). Genes for transcripts of variant RNAs did not have the
promoter fused to first viral base or did not have a cis-acting ribozyme,
or both or had a deletion internal to the viral RNA2 gene. Selected key
restriction sites used in plasmid construction are noted under the scale
line (A, AflII; Bg, BglII; E, EcoRI; K, KpnI; Nc, NcoI; Nt, NotI).
TETRAVIRUS ASSEnique among the animal viruses, the tetravirus tRNA-
ike structures also lack the pseudo-knot found in all
H
wplant virus tRNA-like structures (Mans et al., 1991). The
larger genomic RNA1 (5312 nucleotides; GenBank Ac-
cession No. U18246) encodes the 1704-amino-acid pro-
tein showing sequence similarities to viral RNA-depen-
dent RNA polymerases (Gordon et al., 1995). The smaller
RNA2 (2478 nucleotides; GenBank Accession No.
L37299) encodes the 644-amino-acid precursor to the
capsid protein (P71) and another overlapping open read-
ing frame encoding a 17K protein (P17) of unknown
function (Hanzlik et al., 1995). The initiating AUG of P17 is
situated in a poor context prior to the initiating AUG of the
capsid gene and suggests the latter is expressed by a
leaky scanning mechanism.
Despite the determination and analysis of the com-
plete nucleotide sequence of the HaSV genome, it has
not yet been formally demonstrated that this information
represents an infectious form of HaSV. Such a demon-
stration requires assembly of full-length cDNA clones
covering the sequences obtained for each RNA and their
use to establish a productive infection. Without a means
of cell culture, we asked whether infectious virions could
be assembled by a novel process involving the use of
nonhost cells; the biological activity of these virions was
then tested in the larval insect host. Expression of the
capsid proteins of NvV (Agrawal and Johnson, 1995) and
aSV (T. N. Hanzlik and K. H. J. Gordon, unpublished
ata) in heterologous systems has been shown to result
n the formation of virus-like particles (VLPs) that resem-
le natural virions when analyzed by density gradient
entrifugation and electron microscopy and contain the
ature capsid proteins derived by assembly-dependent
leavage of the capsid precursor. In contrast to the
ajority of VLPs formed by coat proteins from other
ositive-sense RNA plant and animal viruses with unen-
eloped virions (Ansardi et al., 1991; Li et al., 1997; Ma-
on et al., 1996; Schneemann et al., 1993), tetraviral VLPs
ere shown to selectively encapsidate a truncated form
f the genomic RNA2 covering only the capsid protein
recursor. This suggested that RNA encapsidation and
apsid formation did not require events associated with
eplication, and we reasoned that a similar assembly of
nfectious HaSV virions would occur if a heterologous
ystem was engineered to express simultaneously the
aSV coat protein precursor and the two intact genomic
NAs. Furthermore, if the virions were assembled in
onhost plant protoplasts via transient expression, a
onvenient way of presenting any assembled virions to
he host insect was practicable, mimicking the natural
oute of oral infection of HaSV.
The aims of the experiments reported in this paper
ere to facilitate further study of HaSV by developing a
ovel procedure for assembling infectious virions and to
onfirm that the reported sequence of HaSV was infec-
ious. The procedure involves the transient expression of
37IN PROTOPLASTSaSV components in plant protoplasts electroporated
ith a DNA plasmid encoding the coat protein in com-
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binant plasmids having genes designed to transcribe
exact replicas of the two HaSV genomic RNAs. We report
that assembly of infectious virus particles did occur in
the protoplasts and the assembly occurred without de-
tectable replication of the virus. This formally demon-
strates that the sequences used do constitute an infec-
tious form of the HaSV genome and allows further de-
tailed study of HaSV and other tetraviruses. This report
also opens the possibility that plants and other nonhost
organisms could be used for large-scale production of
the virus, which has excellent potential for a biopesticide
(Christian et al., 2001).
RESULTS
Transfection of HaSV genomic RNAs and a coat
protein gene into protoplasts yields infectious
particles
The detection of small amounts of infectious virus
assembled in nonhost systems required the develop-
ment of a sensitive experimental system. This was done
initially using total HaSV genomic RNA, which was ex-
tracted from particles purified by CsCl density gradient
centrifugation and transfected into protoplasts, as de-
scribed under Materials and Methods. The transfected
protoplasts could then be used directly in the most sen-
sitive protocol available to us for virus detection. This
protocol involved the bioassay of neonate larvae—the
most susceptible developmental stage of the host—by
feeding them protoplast extracts admixed to artificial diet
as described under Materials and Methods. As seen in
Table 1, transfection of purified HaSV genomic RNA
alone into protoplasts failed to produce infectious parti-
cles as determined by bioassay. The sensitivity of this
T
Bioassays of Plant Protoplasts El
Treatment P
Diet only None
Diet 1 2 mg HaSV None
Diet 1 2 mg HaSV RNA None
Nonelectroporated N. pl
Mixed with 2 mg of HaSV and then washed N. pl
Electroporated with 2 mg of HaSV N. pl
Electroporated with 2 mg of HaSV RNA N. pl
Electroporated with 30 mg of pCAP DNA N. pl
Electroporated with 2 mg of HaSV RNA 1 30 mg pCAP DNA N. pl
a Protoplasts were treated or electroporated with virus, RNA, or DNA
arvae were transferred to fresh diet for a further 7 days and then wei
b Larvae which were at least 2 SD smaller than the mean of the con
doses. RNA of dead larvae was not assessed for presence of HaSV.
c HaSV infection of these larvae was confirmed by probing for the p
38 GORDassay, in which fewer than 5000 particles presented
orally via a droplet feeding bioassay can produce thestunting phenotype in neonate larvae of H. armigera
(Christian et al., 2001; Hanzlik and Gordon, 1998), effec-
ively rules out the possibility that any virus particles
ere assembled in the protoplasts transfected with only
he HaSV genomic RNAs.
We next asked whether the assembly of infectious
articles could be driven by the provision of additional
apsid protein. This was provided by transfection of a
apsid expression plasmid, pCAP, in which the HaSV
apsid gene was cloned behind a constitutive plant pro-
oter (expression of coat protein from this construct is
escribed below). As expected, no larvae stunted when
ed protoplasts transfected only with the plasmid de-
igned to express the coat protein, pCAP. However,
hen pCAP was cotransfected with the virus genomic
NA, the larvae became infected (Table 1), confirming
hat both genomic RNA and the supply of sufficient coat
rotein were necessary for infection to occur from the
rotoplasts. The extent of stunting observed was com-
arable to that seen in positive control experiments in
hich the larvae were fed HaSV admixed to the proto-
lasts and diet. These positive control experiments were
ritical because the neonate larvae used in this bioassay
ystem are delicate. Low levels of larval stunting and
ortality can occur for a number of reasons, including
tress from handling, the diet drying during the feeding
eriod, and activation of viruses (including HaSV) that
nfrequently (,2%, our unpublished observations) estab-
ish inapparent infections in H. armigera larvae (Hanzlik
and Gordon, 1997). Moreover, quantitative bioassays
have shown that the degree of stunting varies with the
dose of HaSV presented at the neonate stage and
ranges from severe stunting and death within 3 days to
slightly retarded development with apparently normal
pupation and adult emergence (Christian et al., 2001). It
rated with Genomic HaSV RNAa
sts No. larvae No. stunted (dead)b No. HaSV infectedc
21 0 0
24 13 (11) 13
10 3 0
nifolia 12 2 0
nifolia 11 11 11
nifolia 12 12 12
nifolia 12 0 0
nifolia 12 0 0
nifolia 12 12 12
ids as noted, incubated, and then fed to neonate larvae with diet. The
nd processed for their RNA.
re scored as stunted. Besides stunting, HaSV causes death at higher
e of HaSV RNA.
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MBLYamounts of diet slurry and protoplast extract. Stunting
was conservatively defined at 2 SD below mean control
weight, and infection of stunted larvae was confirmed by
dot or Northern blotting of total RNA to detect HaSV
genomic RNAs.
We concluded from these experiments that the
genomic RNA of HaSV could be trans-encapsidated into
infective particles formed by coat protein produced by
transcription and translation of the plasmid carrying the
gene. Although stunted larvae were also seen upon
bioassay of protoplasts electroporated with intact HaSV
(Table 1), this is likely to have been due to carryover of
the electroporated virus into the larvae. The stunting
seen here was also observed when the protoplasts were
washed prior to the bioassay, indicating the sensitivity of
this assay. Finally, the stunting was due to the presence
of the insect virus HaSV; a control bioassay experiment
showed no stunting upon electroporation of protoplasts
with RNA of a plant virus (Table 1).
Replication of HaSV in protoplasts cannot be
detected
The failure of HaSV to replicate in tissue explants or
numerous insect cell lines (Bawden et al., 1999), includ-
ing several from the host insect, suggested it would not
replicate in plant cells. Although it is difficult to prove a
negative phenomenon, we still conducted a series of
experiments to ask if replication of HaSV RNA could be
detected in plant protoplasts upon transfection with
HaSV genomic RNA. In the first approach, we asked
whether negative-sense HaSV RNA could be detected
using Northern blots of total protoplast RNA. These ex-
periments were hindered by the hybridization of the pos-
itive-sense probes to the positive sense genomic RNA
controls. Even after high-stringency washes, a clear sig-
nal for the positive control was seen on the autoradio-
graphs after the lengthy exposure times required for
sensitive detection of possible signals (data not shown).
This particular observation may be explained by the
prediction from computer analysis that HaSV has a high
degree of secondary structure and its RNAs are highly
self-complementary. One technique which potentially
overcomes this problem is that of RT–PCR. Using a
series of oligonucleotides complementary to sequences
within HaSV genomic RNAs, cDNA from the transfected
protoplasts was synthesized prior to PCR analysis.
These attempts also failed to detect minus-strand RNAs
in the protoplasts. We next tested for replication by at-
tempting to pulse-label viral RNA produced de novo in
he transfected protoplasts of N. plumbaginifolia. Cells
ere incubated in growth medium containing
32P]orthophosphate, after which HaSV virions were pu-
ified. RNA was extracted from the purified virions and
TETRAVIRUS ASSEnalyzed by gel electrophoresis, followed by transfer to
ilters to facilitate autoradiography. The same experiment
p
das conducted in parallel with a plant virus, TMV, as a
ositive control. After a 3-day incubation period post-
ransfection, we lysed the cells, added cold virions to the
ysate as a carrier and processed them for viral purifica-
ion on CsCl gradients. When the virus bands were
emoved and their RNA extracted, electrophoresed, blot-
ed, and autoradiographed for 5 days, only a signal for
he TMV experiments was seen, which increased in
ntensity as expected (Fig. 2A, b); no HaSV signal was
een even after an extensive 15-day exposure time (data
ot shown).
A further approach was to ask whether an increasing
ignal could be detected for HaSV RNA on Northern blots
f total RNA from transfected protoplasts over a time
ourse. As seen in Fig. 2B, b, after an extensive exposure
ime to ensure maximum sensitivity, a clear signal for
NA1 was seen only on the first day posttransfection
lane 1), indicating successful transfection. However, no
ignal was detected on following days, showing that this
NA did not accumulate or even persist. These data,
long with the genetic requirement for expression of coat
rotein from a separate gene, lead us to conclude that
eplication is not involved in the assembly process.
onstruction and verification of plasmids expressing
aSV genes
Two transient expression vectors, pR1 and pR2, carry-
ng the complete cDNAs for the HaSV genomic RNAs
ere constructed to allow production of transcripts cor-
esponding to these genomic RNAs. Experiments with
ther RNA viruses (Boyer and Haenni, 1994) have shown
hat the presence of nonviral sequences attached to the
ermini of transcripts corresponding to genomic RNA
olecules can abolish or significantly reduce infectivity.
he HaSV plasmids were therefore designed to produce
ranscripts without any attached nonviral sequences.
hey were constructed with a modified CaMV 35S pro-
oter designed to begin transcription at the first nucle-
tide of the two HaSV cDNAs (Mori et al., 1991) and with
is-acting catalytic RNA sequences designed to cleave
mmediately after the last 39 viral base on the transcripts
Dzianott and Bujarski, 1988, 1989). After confirming the
ctivity of the ribozymes in vitro (data not shown), we
lso confirmed transcription from the plasmids and ri-
ozyme activity in the protoplasts using RNase protec-
ion assays with radioactively labeled negative-sense
robes. These assays yielded protected RNA products
Fig. 3A) similar in size to those predicted from the
equences of the genomic RNAs of HaSV and from the
apsid gene.
In addition, we examined expression of the coat protein
ene and particle assembly in protoplasts. As shown by
estern blotting with antisera specific for the HaSV coat
39IN PROTOPLASTSrotein (Fig. 3B, lanes 1 and 3), the pCAP plasmid produced
etectable amounts of coat protein when either transfected
sa
b
e
t
e contralone or cotransfected with the other two plasmids. Both
the 71-kDa precursor and its cleaved 64-kDa protein deriv-
ative were detected. Because the cleavage is assembly-
dependent (Agrawal and Johnson, 1995; Canady et al.,
2000), this observation indicates that a significant propor-
tion of the coat protein assembled into particles, consistent
with other studies of the expression of tetravirus capsid
proteins in hetereologous systems (Agrawal and Johnson,
1995; T. N. Hanzlik and K. H. J. Gordon, unpublished data).
Moreover, Western blotting showed that the 64-kDa capsid
protein was not degraded by digestion with trypsin (data
not shown), which does not degrade HaSV virions (Hanzlik
and Gordon, 1997). In addition, the HaSV particles assem-
bled in protoplasts were directly visualized by immunoab-
sorbent electron microscopy, using EM grids coated with
polyclonal antibody to the intact HaSV particles (Fig. 3C);
their size and morphology corresponded to those of HaSV.
In contrast to the expression detected from pCAP, coat
protein expression from the RNA2 plasmid, pR2, was below
the limit of detection (Fig. 3B, lane 2), suggesting that the
367-base 59 leader sequence on RNA2 upstream of the
capsid gene inhibits translation of the capsid protein in the
plant cells, although it does not affect the efficient expres-
sion of P71 from RNA2 transcripts in insect cells (T. N.
Hanzlik and K. H. J. Gordon, unpublished data).
Infectious particles assemble after transfection of
plasmids producing correct HaSV RNAs
To ask whether the particles assembled in protoplasts
FIG. 2. Experiments to assess HaSV replication in protoplasts. (A
ynthesized RNA, protoplasts were transfected with virions or RNA o
32P-orthophosphate. After incubation the cells were lysed, cold virions w
nd stained with ethidium bromide (a); the gel was then dried and au
rackets as noted (lane 1, mock-electroporated protoplast control;
lectroporated with viral RNA; lane m, RNA markers with lengths of 6.6
he positions of the respective HaSV RNAs and of the position of unin
for TMV, 1.5 mg of virions and 0.16 mg of viral RNA were electroporated
RNA, protoplasts were washed after transfection with HaSV RNA and al
RNA was blotted and probed for HaSV RNAs, and the blots were autora
sensitivity, which produced an overly strong signal from the positive con
hybridization to ribosomal RNA (lane 2 is the mock-transfected negativ
disappeared after day 1 posttransfection.
40 GORDfrom the products of the transient expression plasmids
included infectious virions, the same bioassay system asfor the genomic RNA experiments was used. Bioassays
of protoplasts cotransfected with the three plasmids de-
signed to yield the coat protein and the two intact
genomic RNAs (i.e., pCAP, pR1, and pR2) resulted in
stunted larvae (Table 2 and Fig. 4A). RNA extracted from
these larvae hybridized to both HaSV RNA probes on dot
blots (data not shown) (Table 2 and Fig. 4A). Control
larvae fed protoplasts transfected with only a single
plasmid did not show stunting (Table 2) and no hybrid-
ization was observed to RNA extracted from them. The
positive results from the dot blotting in Table 2 were
confirmed by Northern blotting in a separate experiment
which showed that both RNAs were present in the
stunted larvae (Fig. 5A) and not in the controls fed mock-
transfected protoplasts (Fig. 5D).
The infectious virus yield in protoplasts can be approx-
imated to within an order of magnitude since the degree
of stunting observed in neonate larvae is determined by
the dose of HaSV (Christian et al., 2001). The weights of
experimental larvae with therefore compared with those
from a parallel experiment in which the larvae were fed
a virus dilution series (Fig. 4B). This experiment showed
that the observed stunting from transfected protoplasts
was approximately equivalent to that resulting from feed-
ing 106 virus particles per larva. Calculating on the as-
sumption that 20,000 electroporated protoplasts are in-
gested per larva, the degree of stunting indicates that
between 50 and 500 particles were produced per proto-
plast.
rder to detect HaSV replication in protoplasts by uncovering newly
or TMV (for a positive control) and incubated with media containing
ded they were purified, and their RNA was extracted, electrophoresed,
graphed (b) as described. Experiments with TMV or HaSV are under
, protoplasts electroporated with whole virions; lane 3, protoplasts
.6, 2.6, 1.9, 1.4, 0.95, 0.62, and 0.28 bases). Arrows with numbers note
ted 32P. For HaSV, 1.5 mg of virus and viral RNA were electroporated;
order to detect replication via an increasing signal for genomic HaSV
emoved on the days posttransfection noted above the blots. Protoplast
phed for (a) 12 h and (b) 5 days. The latter exposure was for increased
ne 1, 1 ng HaSV RNA) and a high background signal from nonspecific
ol; numbers on side indicate size markers as noted). The 5.3-kb RNA1
AL.) In o
f HaSV
ere ad
toradio
lane 2
, 5.0, 3
corpora
. (B) In
iquots r
diogra
trol (la
ON ETThe above results established that the protein and
RNA components of HaSV virions were present in the
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MBLYtransfected protoplasts, that the 64-kDa form of the cap-
sid protein resulting from assembly-dependent cleavage
of the precursor was present, that particles could be
detected, and that infection resulted upon feeding of the
protoplasts containing these particles to susceptible lar-
vae. Moreover, the integrity of the particles produced in
the plant cells was not affected by digestion with trypsin.
We were unable to characterize further the biophysical
properties of the protoplast-produced particles, due of
the minute quantities involved and the demanding nature
of the bioassay (the larvae could not be fed liquid lysates
of protoplasts). However, we did characterize particles
produced in larvae fed transfected protoplasts contain-
FIG. 3. HaSV gene expression and particle assembly in protoplasts.
(A) Analysis of HaSV transcripts in protoplasts. Protoplasts were trans-
fected with plasmids pR1, pR2, and pCAP and their RNA was extracted
and analyzed by ribonuclease protection using complementary probes.
The 1268 probe for RNA1 (lane 1) was complementary to the 997 bases
at the 39 terminal of RNA1 plus the sequences prior to the polyadenyl-
ation site and thus we could observe ribozyme activity. The 1300-base
RNA2 probe (lane 2) was complementary to the 59 terminal 760 and 395
bases of RNA2 and the CAP gene, respectively. The lengths in nucle-
otides of size markers prepared by in vitro transcription are shown on
the left (lane M) and the predicted sizes of correctly processed frag-
ments for R1 (997 bases), R2 (760 bases), and the coat protein tran-
script (395 bases) are shown on the right (lane Pr). (B) Translation of
coat protein. Western blotting was used to detect expression of coat
protein in protoplasts transfected with pCAP (lane 1); pR1 1 pR2 (lane
); pR1 1 pR2 1 pCAP (lane 3). Controls are purified HaSV (V), markers
M, not visible), and protoplasts alone (P). The positions of the capsid
rotein precursor (P71) and its cleaved derivative (P64) are indicated by
rrows. (C) Immunoabsorbent EM showing HaSV particles. HaSV–
ntibody grids were prepared and virus particles from transfected
rotoplasts visualized as described under Materials and Methods. The
rrows point to 40-nm HaSV particles. The bar represents 100 nm.
TETRAVIRUS ASSEing infectious HaSV. HaSV was purified by standard pro-
tocols from a batch of 75 diseased larvae that had beenfed protoplasts transfected with the three plasmids. An
opalescent band appeared on the CsCl gradient at the
buoyancy characteristic of HaSV, 1.28 g/ml (Hanzlik et al.,
1993). The particles collected from this band were con-
firmed as HaSV by SDS–PAGE and immunoblotting with
anti-HaSV antiserum (data not shown). The purified par-
ticles also caused stunting in all larvae when bioassayed
on an experimental cohort of 12 larvae (data not shown).
Transfection of the plasmids for only the genomic
RNAs (pR1 and pR2) did not induce general stunting nor
did the larvae prove positive for HaSV RNA (Table 2). This
result is consistent with that of the experiment involving
transfection of the genomic HaSV RNAs and supports
the other data indicating that virion assembly does not
rely on HaSV replication in the plant cells.
Self-replication of RNA1 is indicated
Unexpectedly, we found that transfection of the genes
for full-length genomic RNA1 and the coat protein (pR1
and pCAP) also resulted in stunted larvae upon bioassay
(Table 2), although the degree of stunting was less se-
vere than that found for the complete set of three genes
(Fig. 4A). Only RNA1, but not RNA2, was detected in the
dot blot (Table 2), suggesting that the RNA1 transcript
was capable of being encapsidated to yield infectious
particles in the absence of genomic RNA2. (The single
larva showing RNA2 was likely due to a previous infec-
tion by HaSV, which is occasionally observed at a low
frequency as described above.) This hypothesis was
supported by evidence from a repeated experiment
which showed the lower severity of the stunting symp-
toms to be reproducible and that only HaSV RNA1 could
be detected by Northern blotting of total larval RNA
probed with RNA1 and the coat protein gene (Fig. 5B). Of
note is that the RNA1 signal appears more degraded
than that seen in the earlier experiments involving pR1,
pR2, and pCAP. This was likely due to the lack of pro-
tective virions because there was no capsid protein
being expressed from the absent RNA2.
These observations suggested the hypothesis that
RNA1 was capable of self-replication upon delivery to
insect gut cells, resulting in less severe disease symp-
toms. This hypothesis predicts that the absence of any
genomic RNA2 would preclude the production of virions
able to transmit disease to other larvae. We tested this
with a passage experiment that asked whether infec-
tious virions were produced in larvae exhibiting disease
symptoms from the two-plasmid bioassay experiment
(pR1 1 pCAP). The passage experiment was conducted
with aliquots of the lowest possible dilutions (1:10) of
homogenates of 5 symptomatic larvae from a two-plas-
mid bioassay experiment. When the homogenates were
fed to cohorts of 10 larvae, none showed stunting in
41IN PROTOPLASTSresponse (Table 3). This proved that none of the partially
stunted larvae from the original two-plasmid bioassay
t4experiment produced an infectious form of HaSV. In con-
trast, the results from a bioassay of diseased larvae from
a three-plasmid experiment (where the larvae were fed
protoplasts transfected with pR1 1 pR2 1 pCAP)
showed that the feeding of homogenates at dilutions of
1:100 caused disease symptoms.
Terminal extensions on viral RNAs inhibit their
replication
We next asked whether it was indeed necessary to
generate transcripts with termini that precisely corre-
sponded to those of natural virus RNA in order to pro-
duce infectious particles. Larvae were fed protoplasts
transfected with plasmids producing transcripts with
nonviral extensions. The extensions tested resulted from
either the addition of 22 nucleotides at the 59 end, the
absence of the ribozyme (adding 200 nucleotides plus
the poly(A) tail at the 39 end), or both. No infectious virus
was produced when RNA1 transcripts carried nonviral
sequences at either or both termini (Table 2). The lack of
stunting seen upon bioassay of these variant plasmids
indicates that their transcripts are not able to be repli-
cated in insect midgut cells, based upon the central role
that this RNA must play in virus replication and the
T
Bioassay of Protoplasts Transfected with Plasmids Producing the
Plasmid
Predicted
59
Plasmids resulting in no modification of genome
pCAP n.a.
pR1 0
pR2 0
pR1 1 pR2 0
pR1 1 pR2 1 pCAP 0
pR1 1 pCAP 0
Plasmids resulting in modification to genome RNA1 f
pxR1x 22
pxR1 22
pR1x 0
Plasmids resulting in modification to genome RNA2g
pxR2x 26
pxR2 26
pR2x 0
pR2DT (internal 44-base deletion near 39 end) 0
a Experiments involved feeding 12 larvae over 3 days with protoplasts
hey were weighed and processed for their RNA.
b Some plasmids were designed to produce transcripts having a num
noted.
c Larvae dying during the experiment were not scored as stunted n
d Larvae weighing ,2 SD of the average control weight were score
e The RNA of the larvae was probed separately for RNA1 or RNA2 a
f Each plasmid was coelectroporated with pR2 and pCAP.
g Each plasmid was coelectroporated with pR1 and pCAP.
2 GORDevidence described above for its ability to undergo self-
replication in larvae. Although the lack of infectivity couldalso be explained by failure of these transcripts to be
encapsidated (perhaps due to their length), the results of
the experiments described below suggested that this
was unlikely.
The series of experiments involving terminal exten-
sions on RNA2 transcripts produced more complex and
unanticipated results. Transfection of protoplasts with
plasmids generating intact RNA1 and RNA2 transcripts
carrying extensions at the 59 terminus or at both termini
(Table 2) failed to yield infectious virus, as shown by the
negative results for replication, seen from both lack of
stunting and hybridization signals on the RNA blots.
These negative results for the RNA2 variants contrasted
to what could be expected from the positive result of the
experiment in which RNA2 was completely absent (de-
scribed above). The results were confirmed in two addi-
tional, separate experiments. In contrast, positive infec-
tivity results were obtained for RNA2 transcripts with a 39
terminal extension and an intact 59 terminus. A minority
of larvae in this experiment stunted and gave positive
hybridization signals for both genomic RNAs; several
nonstunted larvae also proved positive for HaSV RNAs
(Table 2 and Fig. 5C). The lack of generalized stunting in
this cohort of tested larvae is indicative of a low effective
rotein and RNA Components of HaSV and Certain RNA Variantsa
al modificationb
Mortalityc Stuntedd
Replicatione
39 RNA1 RNA2
n.a. 0 2 0 0
0 0 3 0 0
0 0 2 0 0
0 0 1 0 0
0 1 11 11 11
0 4 4 7 1
.200 1 1 0 0
0 1 3 0 0
.200 4 0 0 0
.200 1 0 0 0
0 1 1 0 0
.200 1 5 9 9
0 1 1 0 0
cted with plasmids or a combination of plasmids as noted. After 7 days
nonviral bases at either terminus of HaSV genomic RNAs, or both, as
their RNA blotted.
unted.
number of positives scored for each.
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ON ETdose of the virus presented to some of the larvae and
was confirmed when the experiment was repeated with
value oNorthern blotting that showed a low level of virus in
some larvae (Fig. 5C). These data suggest that the rep-
licase, when delivered to an insect cell by an active form
of RNA1, can regenerate intact, replicatable RNA2 from
templates carrying 39 extensions, resulting in replication
of both genomic RNAs seen in experiments where pR1,
pR2, and pCAP are provided. The low dose suggests that
the rescue process is not efficient or rapid. The partial
activity of RNA2 having 200-base extensions also shows
that such RNAs are capable of being encapsidated and
strongly suggests that the smaller 59 extensions of both
RNAs are indeed inhibitory to replication rather than to
encapsidation and subsequent delivery to insect cells.
The presence of nonreplicative forms of RNA2
inhibits RNA1 replication
The previous results showed that HaSV RNA1 could
clearly self-replicate in the larval midgut in the absence of
RNA2 (Fig. 5B). Yet experiments involving 59 terminal exten-
sions on RNA2 indicated that the presence of a nonrepli-
cative or nonrepairable form of RNA2 inhibited this activity.
We tested this deduction by conducting one further exper-
iment with plasmid pR2DT that produces a variant RNA2
transcript. This transcript has intact termini but carries a
FIG. 4. Average weights of larvae fed protoplasts transfected with
transfected with the plasmids as noted and then weighed as noted a t
the HaSV dose, a simultaneous experiment was conducted in order to
identical conditions, larvae were fed diet contaminated with different do
error of the mean and the dotted line across the figure represents the
are stunted.
TETRAVIRUS ASSEsmall 44-nucleotide deletion located within the 39-tRNA-like
structure; the 39 end of the deletion is located 68 nucleo-tides from the RNA2 39 terminus (Hanzlik et al., 1995).
Experiments with other RNA viruses have shown that the
terminal regions of genomic RNAs are critical for their
replication (Ball and Li, 1993; Boyer and Haenni, 1994);
hence an unrepairable deletion located within the viral
sequence near the 39 terminus that is critical for replication
would also be predicted to inhibit replication. As seen in
Table 2, this proved to be the case and thus strongly
supported the deduction that the presence of a nonreplica-
tive or nonrepairable form of RNA2 inhibits RNA1 replica-
tion. Because the aim of this paper was to report only on the
assembly of infective HaSV in plant cells, experiments fur-
ther exploring the intriguing effects on replication by RNA2
variants will be reported elsewhere.
We note that some lanes in the Northern blots of Fig.
5 have RNA species having a higher apparent molecular
weight than the genomic RNAs of HaSV and which also
hybridize to the probes. These bands are not specific to
larvae infected with virus produced in protoplasts, since
we have also observed them in larvae infected with
naturally produced virus. At present, we are uncertain of
their significance.
DISCUSSION
for HaSV components. (A) H. armigera larvae were fed protoplasts
10 days postinfection. (B) Because the stunting effect is dependent on
ximate the amount of virus being produced by the protoplasts. Under
aSV particles as noted. Bars above the graphs represent the standard
f the control mean minus 2 SD of the mean, which defines larvae that
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4 ON ETwhich have been studied (9). We sought to address this
problem of tetravirus biology by asking whether the RNA
and protein components of HaSV could assemble into
infectious virions in plant cells, even if these cells would
not be expected to support HaSV replication. Assembly
of infectious virus could then be directly verified by feed-
ing the plant cells to host larvae at an appropriate de-
velopmental stage. We found that infectious virus was
produced and confirmed that the sequences reported for
HaSV RNAs 1 and 2 (Gordon et al., 1995; Hanzlik et al.,
FIG. 5. Northern blots of RNA from larvae fed protoplasts transfected
ith genes producing HaSV components. Nine H. armigera larvae were
ed protoplasts as described that had been previously transfected with
lasmids carrying genes for HaSV coat protein, genomic RNAs, and/or
ariants. After 10 days, their RNA was extracted, electrophoresed in
uplicate lanes, blotted, and probed separately for RNA1 and RNA2
under respective brackets at top). Vertical lines above each blot rep-
esent lanes containing total RNA from a single larvae fed protoplasts
ransfected with (A) pR1, pR2, and pCAP; (B) pR1 and pCAP; (C) pR1,
R2x, and pCAP; (D) no plasmids; (1, 2) above a lane denotes the
ositive (RNA from a larva fed HaSV) and negative (larvae not fed
aSV) controls, respectively. Arrows with numbers denote the position
f the respective HaSV RNAs. Dead larvae were not examined.
4 GORD1995) represent an infective form of this tetravirus. HaSV
genomic RNAs, in conjunction with a gene encoding onlythe viral capsid protein, directed the assembly of infec-
tious particles in the protoplasts. Extending this result,
we found that transcription of genes in the nucleus could
achieve the same.
The results of this study indicate that the assembly of
infectious HaSV from genomic RNA and capsid protein
took place in the absence of detectable virus replication.
The requirement for HaSV capsid protein to enable virus
assembly in protoplasts does not imply a direct role in
replication, as has been observed for a limited group of
plant RNA viruses that lack tRNA-like structures and are
completely unable to produce coat protein by direct
translation of genomic RNA. Such a direct role for the
HaSV capsid protein would not be consistent with its
limited production from genomic RNA2 (above) and the
observed lack of replication upon transfection of insect
cells (Bawden et al., 1999).
HaSV assembly in the absence of replication appears
to be unique among animal viruses. Although infectious
particles of many animal viruses have been assembled
via recombinant means in nonhost cells, active viral
replication has occurred in all instances of which we are
aware. Indeed, for the well-studied picornaviruses, rep-
lication has been shown to be necessary for assembly
(Molla et al., 1991; Nugent et al., 1999), possibly in order
to achieve compartmentalization of the viral protein and
RNA. For studies on other positive-sense RNA viruses,
such as some alphaviruses, replicons have been used to
obtain greater quantities of viral RNA for the trans-en-
capsidation assembly process, so that any requirement
for replication has not been specifically explored (Con-
zelmann and Meyers, 1996). Studies of FHV, from another
group of insect RNA viruses, the nodaviruses, show it to
be able to replicate in cells from a wide variety of organ-
isms, including N. plumbiganifolia and other plants (Sell-
ing et al., 1990), mammals (Ball, 1992), and yeast (Price et
TABLE 3
Passage Experiments with Symptomatic Larvae Fed Protoplasts
Transfected with Two and Three Genesa
Experiment
Individual weights of
larvae (mg)
Dilution in
bioassay
Stunting activities
in cohortsb
pR1 1 pCAP 14, 17, 27, 28, 25 1:10 0/5
pR1 1 pCAP
1 pR2 4.3, 3.1, 20, 14, 4.3 1:100 5/5
Protoplasts
only 117, 117, 61, 111, 100 1:10 0/5
a Five larvae showing symptoms of HaSV disease after ingesting
rotoplasts transfected with two or three plasmids were tested for the
bility to transmit the disease to others. Each larva was weighed then
omogenized in 1 ml of water. Each homogenate was diluted as noted
hen bioassayed as described on a cohort of 10 larvae.
b Stunting activity was recorded as present where .70% of the
AL.cohort to which the primary larval homogenate was fed showed the
stunting phenotype.
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MBLYal., 1996), so that again, replication-independent assem-
bly of infectious virus has not been observed.
Our model for the assembly of HaSV in plant cells is
that capsid protein translated in the cytoplasm com-
plexes directly with genomic RNA transcripts exported
from the nucleus. While this assembly may involve chap-
erones, it is more likely to resemble the self-assembly
found for plant RNA viruses in vitro (Bancroft, 1970) or in
acterial expression systems (Hwang et al., 1994; Jaga-
ish et al., 1991). One problem for this model is that rates
f transcription and expression of transfected genes in
rotoplasts are not characteristically high (Taylor and
arkin, 1988). Hence, in the absence of HaSV replication
here was likely a low effective concentration of the
aSV components in the protoplasts. Assembly of viri-
ns under such conditions may depend on a particular
roperty of the HaSV coat protein found in few other virus
apsid proteins. As with the capsid protein of NvV
Agrawal and Johnson, 1995), expression of the HaSV
apsid protein in heterologous systems has been shown
o result in the formation of virus-like particles resem-
ling natural virions when analyzed by density gradient
entrifugation and electron microscopy and which con-
ain the mature capsid proteins derived by assembly-
ependent cleavage of the capsid precursor of the cap-
id proteins of and HaSV (T. N. Hanzlik and K. H. J.
ordon, unpublished data). These experiments with het-
rologous expression of P71 have further shown that it
electively encapsidates its mRNA (a truncated form of
he genomic RNA2 covering only the capsid protein pre-
ursor gene) in a cellular environment where there are
bviously numerous other RNA species (Agrawal and
ohnson, 1995; T. N. Hanzlik and K. H. J. Gordon, unpub-
ished data). Under similar conditions assembly of infec-
ious virions may not be possible for other unenveloped,
cosahedral viruses, such as caliciviruses and picorna-
iruses, which appear to form empty capsids readily
pon heterologous expression (Ansardi et al., 1991; Li et
al., 1997; Mason et al., 1996). The property of selective
RNA incorporation evidently allows assembly of infec-
tious HaSV to be possible at relatively low concentra-
tions of the RNA and protein components. In contrast to
our findings for HaSV, the coat protein of FHV appears to
lack selectivity for viral RNAs under conditions of heter-
ologous baculovirus expression (Schneemann et al.,
1993), so that replication-independent assembly of infec-
tious virus is unlikely to be possible should replication-
free conditions be achieved.
The importance of engineering gene constructs that
express transcripts corresponding precisely to the HaSV
RNAs was illustrated by our findings on the effect of
nonviral extensions on virus infectivity. While we did not
attempt a comprehensive study of the sequence param-
eters affecting replication of HaSV genomic RNAs, our
TETRAVIRUS ASSEdata are consistent with results relating to FHV and
certain plant viruses. FHV genomic RNAs 1 and 2 toler-ate 59 extensions of two nucleotides and 39 terminal
extensions up to 43 nucleotides (Ball, 1992, 1995; Ball
and Li, 1993). In these cases, RNAs produced by repli-
cation had lost the extensions, resulting in their termini
being corrected to those present on natural genomic
RNA. Longer extensions (10–26 59 residues or 55 39
residues) abolished the ability of intracellular T7 tran-
scripts to be replicated in cultured hamster cells (Ball,
1992, 1994, 1995; Ball and Li, 1993). Work with plant
viruses show a similar theme and have shown that 59
extensions up to 2 and 39 extensions up to 30 nucleo-
tides long are tolerated on some viruses (Boyer and
Haenni, 1994). However, both brome mosaic virus (BMV,
Bromoviridae) (Mori et al., 1991) and TMV (Tobamovirus)
(Weber et al., 1992), could replicate and repair longer 39
terminal nonviral sequences, including poly(A) tails. In-
terestingly, both these viruses have tRNA-like structures
at their 39 termini. Mori et al. (1991) suggested that the
extra sequences might be removed during BMV replica-
tion, which involves recognition of an internal initiation
site or RNA promoter. The fact that ribozyme cleavage
was necessary on HaSV RNA1 and not on RNA2 implies
a significant difference between replication of the two
HaSV RNAs and points to a difference between the HaSV
replicase and those of nodaviruses and plant viruses.
Another finding was that nonreplicative forms of HaSV
RNA2 appeared to abolish the replication of RNA1. The
interference of the aberrant forms of HaSV RNA2 is
almost certainly at the level of replication in the insect
cells after the RNAs have been encapsidated and deliv-
ered. This was made evident by the inactivity associated
with a form of RNA2 having a minor deletion important for
replication but still having intact termini; hence the tran-
script was able to be encapsidated like the intact
genomic RNAs. Because RNA1 activity occurs with the
coat protein mRNA (it is capable of encapsidation), the
inhibitory region(s) of RNA2 is implied to be exterior to
the P71 gene, namely, in the 360-base region 59 to the
P71 gene and/or in the 168-base region 39 to it. Another
possibility is that translation of the P17 gene in the
presence of an inactive RNA2 somehow inhibits the
activity of RNA1. The other possibility of inactive forms of
RNA2 complexing with the replicase, and thereby inhib-
iting it, is unlikely as further translation of replicase from
RNA1 would tritrate out the inhibiting RNA2s. The inhibi-
tion of replication by the inactive form of HaSV RNA2 is
similar to an observation by Ball and Li (1993), who noted
the interference of corrected FHV RNA2 in insect cells by
nonreplicatable FHV RNA2 carrying a 26-nucleotide 59
extension.
The present results provide strong evidence that RNA1
can be encapsidated into infective particles without
genomic RNA2 and then replicate alone in a host cell.
This evidence included the induction in larvae of patho-
45IN PROTOPLASTSlogical symptoms upon ingestion of protoplasts trans-
fected with only pR1 and pCAP, the detection of only
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ON ETRNA1 in the diseased larvae, and the failure of the
disease to be transmitted to other animals. Histochemi-
cal analysis of midgut sections from the diseased larvae
confirmed a pathology characteristic of HaSV infection,
but without production of progeny virus (E. M. Brooks, T.
Hanzlik, and K. Gordon, unpublished). Self-replication of
the genomic RNA strand encoding the replicase in the
absence of other genome components has been ob-
served for a number of positive-sense RNA viruses that
have multipartite genomes including the nodaviruses
(Hendry, 1991). What may be unusual is that the self-
replication of HaSV RNA1 leads to the observed disease
symptoms. One explanation of this phenomenon is that
RNA1 is delivered to the neonate gut cells, where its
self-replicating activity interferes with proper cell func-
tion to cause reduced growth. Supporting this view is the
observation that this tissue is composed of a limited
number of cells (approx. 5000; E. M. Brooks, T. Hanzlik,
and K. Gordon, unpublished) consistent with the limited
numbers of particles estimated to be produced by pro-
toplasts (Fig. 4B). Moreover, we have noticed that larvae
retain reporter gene activities in their gut cells over 10
days after they have ingested protoplasts transfected
with pR1, pCAP, and a gene for RNA2 modified to express
reporter genes in place of the coat protein (Hanzlik and
Gordon, unpublished data).
HaSV has attractive properties for a biopesticide and
acts rapidly and selectively on heliothine insects (Chris-
tian et al., 2001), which are caterpillar pests of worldwide
importance. Indeed, other tetraviruses have been used
effectively against several caterpillar pests in nondevel-
oped countries (Hanzlik et al., 1999). A major obstacle
against the use of these viruses has been the lack of an
economical means of production, as the traditional
means of infecting caterpillar hosts give poor yields and
reliability. The results reported here suggest a novel
means of reliably assembling the virus in nonhost organ-
isms that can be readily grown on a large scale.
MATERIALS AND METHODS
Insects, virus, RNA, and cDNA
The colony of H. armigera larvae was maintained as
described (Teakle and Jensen, 1985). HaSV was purified
from cadavers of infected larvae and genomic RNA was
obtained by phenol extraction as described (Hanzlik et
al., 1993). Clones of the HaSV genome were obtained
and sequenced as described (Gordon et al., 1995; Han-
zlik et al., 1995). Tobacco mosaic virus (TMV) was ob-
ained courtesy of Dr. Peter Waterhouse (CSIRO Plant
ndustry).
CR, cDNA synthesis, and cloning
46 GORDAll PCR products were made from previously charac-
erized clones of HaSV cDNA (Gordon et al., 1995; Han-lik et al., 1995) unless otherwise noted and employed
ENT polymerase (New England BioLabs). Procedures
sing reverse transcription employed Superscript II RT
GIBCO BRL). Plasmid construction was done with pro-
edures as described (Sambrook, 1989) and restriction
nd modification enzymes were used as specified by the
uppliers. Nucleotide sequences of all cloned PCR prod-
cts were verified by sequencing using an ABI Applied
iosystems automatic sequencer (Model 373A).
lasmid constructs
Plasmids constructed for transient expression of HaSV
NAs and genes and their predicted transcripts are
ummarized in Fig. 1. The plasmids pxR1x and pxR2x
ere engineered for plant expression of transcripts cor-
esponding to HaSV RNA1 and RNA2, respectively, but
ith nonviral extensions at both termini. These plasmids
ere assembled in vector pDH51 (Pietrzak et al., 1986) by
estriction and ligation of fragments from cDNA clones
Gordon et al., 1995; Hanzlik et al., 1995) and PCR. This
ielded full-length genome sequences flanked by BamHI
ites and cloned between the cauliflower mosaic virus
CaMV) 35S promoter (59 end) and the CaMV polyade-
ylation signal (39 end), as shown in Fig. 1. For RNA1 a
CR product completing the 59 end of the RNA was
enerated using primers HVR1B5P corresponding to the
9 18 nucleotides of RNA1 preceded by a BamHI site and
11UF2, which is complementary to residues 1192–1212
f RNA1. The template was first strand cDNA to RNA1
ynthesized using Superscript RT (GIBCO BRL) and
rimer B11UF2. This product was ligated to a 5.1-kb
flII–ClaI fragment of clone E3 (containing the rest of
NA1) (Gordon et al., 1995) and the vector to form pxR1x.
or RNA2, a 360-bp RT–PCR product incorporating the 59
nd of RNA2 was generated using primers HVR2B5P
orresponding to the 59 18 nucleotides of RNA2 pre-
eded by a BamHI site and H236R3, which is comple-
entary to residues 319–336 of RNA2. The template was
irst-strand cDNA to RNA2 synthesized using Superscript
T (GIBCO BRL). The fragment was digested with SacI
nd ligated to a SmaI–SacI fragment of phr236p71 (Han-
lik et al., 1995) and the vector to form pxR2x.
For a plasmid designed to express the HaSV capsid
ene (P71) at high levels in plant cells, a PCR fragment
orresponding to only the coding region for the P71 coat
rotein precursor (nucleotides 366–2309 of RNA2) and
mmediately flanked by BamHI sites was prepared from
xR2x. The N-terminal primer also placed the initiating
UG of P71 into the plant consensus context for trans-
ation initiation (Lu¨tcke et al., 1987), i.e., . . .ACAAT-
GGGA. . . (the initiating AUG is underlined). This fragment
was placed into the BamHI site of the pDH51 plant
expression vector to form pCAP.
AL.For plasmids engineered to produce precise 59 termini
on transcripts of HaSV RNAs 1 and 2 in plant cells, the
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insertion of the virus cDNAs immediately behind the
CaMV 35S promoter. This modification used PCR to com-
plete a StuI restriction site by addition of the three re-
maining residues required for the palindrome to the last
three bases of the promoter prior to the transcriptional
start site (Dessens and Lomonosoff, 1993; Mori et al.,
1991). Cleavage at this site (AGG/CCT) in the resulting
pDH51Stu yields a vector blunt end corresponding to the
nucleotide (underlined) immediately preceding the first
transcribed residue. Plasmids designed to start tran-
scription at the 59 termini of the viral RNAs were made by
insertion of blunt-ended, partial length HaSV cDNAs of
the 59 region of the viral RNAs generated by PCR. This
was followed by producing plasmids with the remainder
of the cDNAs by restriction (at the AflII site for RNA1 and
at the EcoRI site for RNA2) and ligation of the respective
complementary 39 fragments from pxR1x and pxR2x. This
yielded pR1x for RNA1 and pR2x for RNA2, in which the
respective full-length cDNAs have the junction sequence
AGGGTT at their 59 end. In vivo transcripts of these
plasmids commence at the underlined G residue, which
corresponds to the 59 terminus of the HaSV genomic
RNAs, but in addition carry 39 bases of nonviral origin
(Fig. 1).
For plasmids designed to produce transcripts whose
39 terminal sequences were identical to that of the nat-
ural HaSV RNAs, a cis-cleaving ribozyme was employed.
The ribozyme was designed on the hairpin cassette
ribozyme from satellite tobacco ringspot virus (Anderson
et al., 1994; Hampel et al., 1990; Joseph et al., 1993) and
was employed on both RNAs with minor modifications. It
was made from short DNA oligonucleotides which, after
annealing, were ligated to PCR fragments of the 39 re-
gions of the RNA1 or RNA2 cDNAs, producing cDNAs
fused to the ribozyme immediately flanked by ClaI and
XbaI sites. The oligos were RZHC1, 59-CCATCGATTTAT-
GCCGAGAAGGTAACCAGAGAAACACAC, and RZHC2,
59-GCTCTAGACCAGGTAATATACCACAACGTGTGTT-
TCTCT. To anneal, 10 pmol of each oligonucleotide was
mixed with its partner in 20 ml of 50 mM Tris–HCl, pH 8.0,
00 mM NaCl, 10 mM MgCl2, and heated to 95°C for 1
in, before slow cooling to room temperature. The reac-
ion was made 200 mM in dNTPs and 5 units of Klenow
polymerase added to make the annealed oligonucleo-
tides completely double-stranded before purification by
gel electrophoresis and digestion using XbaI and ClaI.
or the RNA1 gene, the 39 1100 nucleotides were ob-
ained as a PCR product using primers B35F6C (Gordon
t al., 1995) and HVR1Cla (CCATCGATGCCGGACTGG-
TATCCCAGGGGG; the underlined residues are comple-
mentary to the 39 terminal 15 residues of RNA1. A 1-kb
NcoI–ClaI fragment from this PCR product was cloned
into NcoI–XbaI-cut pxR1x together with the annealed,
TETRAVIRUS ASSEClaI/XbaI-cleaved, oligonucleotides to form pxR1. For
RNA2, primers HR236F4 (which corresponds to nucleo-tides 1177–1194 of RNA2) and HVR2Cla (CCATCGATGC-
CGGACTGGTATCCCGAGGGAC; the underlined residues
are complementary to the 39 terminal 16 residues of
RNA2) yielded a 1.3-kb fragment from a pxR2x template.
A 400-bp NotI–ClaI fragment from this PCR product was
cloned into NotI–XbaI-cut pxR2x together with the ClaI/
XbaI-cleaved oligonucleotides, giving pxR2. The tran-
script predicted from pxR1 has an extra 22 nonviral
nucleotides at the 59 termini of RNA1 and the transcript
from pxR2 has a predicted 26 nonviral nucleotides at the
59 termini of RNA2.
The transcription plasmids yielding RNA transcript
replicas of the HaSV genomic RNAs were assembled by
joining plasmids carrying the ribozyme constructs to the
plasmids with the CaMV 35S promoter fusions. For RNA1,
this step involved cloning the 5.1-kb AflII–XbaI fragment
from pxR1 into the complementary fragment of pR1x
digested with the same enzymes to give pR1. For RNA2,
a 1.8-kb BglII–XbaI fragment from pxR2 was ligated to the
complementary fragment of pR2x digested with the same
enzymes to give pR2.
To make plasmid pR2DT, which has a deletion within
the central portion of the RNA2 tRNA-like structure (Han-
zlik et al., 1995) that comprises stems IV and V (formed by
residues 2366–2410 at the 39 end of the viral sequence),
the plasmid pR2 was digested with SacII and MluI, end-
filled with Klenow, and then religated. This deletion pre-
served the terminal stems (I and II) of the tRNA-like
structure, including the ribozyme self-cleavage site.
For constructs to generate in vitro transcripts used in
Northern blotting and RNase protection assays, the
HaSV gene cassettes in pxR1x and pxR2x were recloned
into the vector plasmid pBJ33 to provide flanking T7 and
T3 promoters. Plasmid pBJ33 (provided by Bart Janssen,
HortResearch, NZ) is based on pBC (SK1) (Stratagene),
ut with a multiple cloning site modified to contain the
ollowing sites: T7 promoter—SacI/PacI/AscI/SacII/XbaI/
SpeI/BamHI/PstI/EcoRI/EcoRV/HindIII/ClaI/SalI/XhoI/
ApaI/PacI/AscI/KpnI—T3 promoter. The DNA fragment
corresponding to the complete HaSV RNA1 cDNA,
flanked by the 35S promoter, the hairpin cassette ri-
bozyme, and the CaMV polyadenylation signal (approx 6
kb in total), was excised from plasmid pxR1 with EcoRI
and cloned into EcoRI-cut vector pBJ33 to give plasmid
pBJ33R1HC. Similarly, the 3.5-kb DNA segment corre-
sponding to the complete HaSV RNA2 cDNA flanked by
the 35S promoter, the hairpin cassette ribozyme, and the
CaMV polyadenylation signal was excised from plasmid
pxR2 as two fragments, one of 1 kb covering the 35S
promoter and the first 500 bp of the RNA2 sequence (with
EcoRI and RsrII) and the second of 2.3 kb covering the
remainder of the RNA2 sequence, the ribozyme, and the
polyadenylation signal (with RsrII and HindIII). These two
fragments were simultaneously ligated into EcoRI and
47IN PROTOPLASTSHindIII-cut vector pBJ33 to give plasmid pBJ33R2HC.
Each of these plasmids allowed transcription of a (1)-
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ON ETsense RNA corresponding to the HaSV genomic RNA,
using the T7 promoter, and of a (2)-sense RNA for use as
a labeled probe in RNase protection assays, using the T3
promoter. Restriction of the RNA1 gene with NcoI and of
the RNA2 gene with BglII and their subsequent transcrip-
tion with T3 gave the probes used in the protection
experiments. For probing for the negative strand of RNA1,
a 1650-base positive-sense strand was produced by de-
letion of the R1 gene with KpnI and transcription with T7.
Preparation and electroporation of protoplasts
Protoplasts were prepared from a suspension culture
of N. plumbaginifolia, NpT5, which originated from leaf
allus in Canberra and was maintained by weekly sub-
ulture into CS5 liquid medium (Scowcroft and Adamson,
976) with 2 mg/l 2,4-D and 0.05 mg/liter kinetin. Proto-
lasts were isolated from the NpT5 cells essentially as
escribed (Kao and Michayluk, 1975); 3 days from sub-
ulture, cells from 10 ml of suspension were collected by
entrifugation (100 g, 5 min) and suspended in 20 ml of
ilter-sterilized enzyme solution containing 1% Cellulysin,
% Driselase, 1% Macerozyme in 0.3 M mannitol, 156
M NaCl, 3.5 mM KCl, 9.4 mM MgSO4, 8.4 mM MgCl2,
3.4 mM CaCl2, 0.9 mM NaHCO3, 3 mM MES [2-(N-mor-
pholino)ethanesulfonic acid], pH 5.7. After 3 h at 30°C the
protoplasts were sieved through 300- and 150-mm
meshes and washed by centrifugation with the same
buffer without enzymes. The final pellet was resus-
pended at 2 3 106 ml21 in electroporation buffer TBS9
onsisting of 150 mM NaCl, 6 mM CaCl2, 253 mM man-
nitol, 30 mM Tris (pH 9.0) (Taylor and Larkin, 1988; Young
et al., 1991). For electroporation, protoplast aliquots of
100 ml were mixed with 2 mg of purified HaSV RNA or 30
mg of each of the expression plasmids in the electropo-
ration chamber having an electrode spacing of 2 mm.
The electroporation conditions were 24 mF capacitance,
our pulses at 250 V, and 5 ms duration, with 100 ms
elay between pulses. Afterward, the cells were trans-
erred to a 5-cm-diameter dish with 900 ml of medium
KM8p1 consisting of a basal medium (Kao and Michay-
luk, 1975) mixed with a complex of vitamins, sugars, and
growth regulators as described (Last et al., 1991). The
cells were incubated at 24°C in the dark for 3–5 days. By
this stage typically half of the treated cells had survived
and more than 50% of these had undergone at least one
division. They were washed from the dish with 1 ml of 1:1
0.6 M mannitol, 240 mM NaCl, as described above and
washed twice by centrifugation (150 g, 5 min) before
storage at 220°C. For some experiments, the protoplast
slurry was treated with 10 mg/ml trypsin (Sigma) at 37°C
for 1 h prior to freezing.
Experiments assessing replication of HaSV in proto-
plasts were done similarly except as noted. Pulse-label
48 GORDexperiments were conducted by transferring the proto-
plasts after electroporation with 1.5 mg of HaSV (5 3 1010
avirions), 1.5 mg of HaSV RNA, 1.5 mg of TMV, and 0.16 mg
of TMV RNA (Matsunaga et al., 1992) in a six-well tray
with medium containing 150 mCi of [32P]orthophosphate
(Amersham). After 3 days growth, the protoplasts were
collected by roughly pipetting them from the tray, pel-
leted, and freeze-thawed to lyse them. Cold virus (10 mg)
as added as a carrier, the volume adjusted to 0.5 ml,
nd the slurry was applied to a Beckman SW41 tube
ontaining equal volumes of 30 and 60% CsCl in 50 mM
ris, pH 7.5. After centrifugation at 40,000 rpm, the viral
ands were removed and their RNA extracted, blotted,
nd autoradiographed. The protoplast time course ex-
eriment employed transfection, RNA extraction, blotting,
nd hybridization procedures described above and be-
ow.
ioassays
Bioassays were conducted by combining the pellets
rom three electroporation experiments (approximately
00 ml and 2.5 3 105 surviving protoplasts) and incorpo-
ating them into 200 ml of insect diet. The slurry was
portioned into 12 chunks, placed into a well of a 24-well
tissue culture plate (Falcon 3047), and a single neonate
larvae (,24 h old) was placed on each. The wells were
sealed with a plastic ball (18 mm in diameter) and the
plate was kept in a humid environment (plastic box with
wet tissues) at 28°C. Generally, the diet lasted for 2-3
days and was supplemented when finished with a 3 3 3
mm chunk of fresh diet, taking care that the larvae had
moist diet at all times to reduce stress. After 1 more day,
larvae were transferred to feeding trays having fresh diet
for 7 days. The larvae were then weighed and processed
for their RNA for experiments to confirm HaSV infection.
All experiments were repeated out a minimum of two
times. The reported data are from a large-scale effort
where all experiments were done at the same time to
reduce variability associated with bioassay of caterpillar
insects. Larvae that were at least 2 SD smaller than the
mean weight were scored as stunted.
Analysis of protein, RNA, and virus
Protein was extracted from larvae or protoplasts and
analyzed by SDS–PAGE and Western blotting as de-
scribed (Hanzlik et al., 1995). HaSV infection of stunted
larvae was confirmed by probing dot blots of 25 mg of
total larval RNA with radioactively labeled probes spe-
cific for RNA1 and RNA2. The probes were random-
primed cDNA restriction fragments representing approx-
imately the 1500 bases at the 39 end of each RNA.
Washes were conducted at high stringency as described
by Sambrook (1989). Larval RNA was extracted from
each insect by homogenizing in the presence of 260 ml of
deionized water, 24 ml of 2 M sodium acetate, pH 4.0,
AL.nd 200 ml of phenol equilibrated with 2 M sodium
acetate, pH 4.0. After centrifugation at 14,000 rpm for 15
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MBLYmin at 4°C, the supernatant (about 200 ml) was removed
and extracted once with an equal volume of chloroform.
After centrifugation, the supernatant was mixed with 20
ml of 2 M sodium acetate, pH 4.0, and 400 ml of absolute
thanol. The RNA was precipitated by centrifugation and
he pellet dried under vacuum, before being redissolved
n 10 ml of sterile DEPC-treated water. Protoplast RNA
as extracted with the Trizol reagent (Gibco-BRL) ac-
ording to the manufacturer. Northern blotting of proto-
last RNA was done with 32P-labeled, strand-specific
NA probes prepared by T7 transcription of pBJ33R1HC
nd pBJ33R2HC. For RNase protection assays with pro-
oplast RNA, the protoplasts were pelleted and lysed to
ecover RNA in concentrated (5 M) guanidine thiocya-
ate/0.1 M EDTA as described (Haines and Gillespie,
992; Thompson and Gillespie, 1987). Labeled probes
ere prepared by in vitro transcription of pBJ33R1HC and
BJ33R2HC using T3 RNA polymerase (Promega), as
escribed by the supplier, and purified using Sephadex
-50 columns (Boehringer Mannheim). RNase protection
ssays were carried out using the Direct Protect RPA kit
Ambion), following the supplier’s protocol. For immu-
osorbent electron microscopy, parlodian-coated nickel
rids were coated with anti-HaSV antibody and incu-
ated with protoplast extracts before negative staining in
.5% aqueous uranyl acetate for 2 min as described by
errick (1973) and Wellink et al. (1996).
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